Heparanase is an endoglycosidase that cleaves heparan sulfate side chains of proteoglycans, resulting in disassembly of the extracellular matrix underlying endothelial and epithelial cells and associating with enhanced cell invasion and metastasis. Heparanase expression is induced in carcinomas and sarcomas, often associating with enhanced tumor metastasis and poor prognosis. In contrast, the function of heparanase in hematological malignancies (except myeloma) was not investigated in depth. Here, we provide evidence that heparanase is expressed by human follicular and diffused non-Hodgkin's B-lymphomas, and that heparanase inhibitors restrain the growth of tumor xenografts produced by lymphoma cell lines. Furthermore, we describe, for the first time to our knowledge, the development and characterization of heparanaseneutralizing monoclonal antibodies that inhibit cell invasion and tumor metastasis, the hallmark of heparanase activity. Using luciferase-labeled Raji lymphoma cells, we show that the heparanase-neutralizing monoclonal antibodies profoundly inhibit tumor load in the mouse bones, associating with reduced cell proliferation and angiogenesis. Notably, we found that Raji cells lack intrinsic heparanase activity, but tumor xenografts produced by this cell line exhibit typical heparanase activity, likely contributed by host cells composing the tumor microenvironment. Thus, the neutralizing monoclonal antibodies attenuate lymphoma growth by targeting heparanase in the tumor microenvironment.
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heparanase | lymphoma | neutralizing antibody | tumor growth | metastasis H eparanase is an endo-β-D-glucuronidase capable of cleaving heparan sulfate (HS) side chains at a limited number of sites, releasing saccharide products with appreciable size (4-7 kDa) and biological potency. Enzymatic degradation of HS leads to disassembly of the extracellular matrix (ECM) and correlates with the metastatic potential of tumor-derived cells, attributed to enhanced cell dissemination as a consequence of HS cleavage and remodeling of the ECM and basement membrane underlying epithelial and endothelial cells (1, 2) . Heparanase expression is induced in human cancer, most often associating with reduced patients' survival postoperation, increased tumor metastasis, and higher vessel density (3) (4) (5) . In addition, heparanase up-regulation is associated with tumors larger in size (3, 5) . Likewise, heparanase over-expression enhanced (6, 7), whereas local delivery of anti-heparanase siRNA inhibited (8) , the growth of tumor xenografts. These results imply that heparanase function is not limited to tumor metastasis but is engaged in progression of the primary lesion, thus critically supporting the intimate involvement of heparanase in tumor progression and encouraging the development of heparanase inhibitors as anticancer therapeutics (9) (10) (11) (12) . As a consequence, heparanase inhibitors are currently evaluated in phase 1 clinical trials (13) .
Heparanase activity is similarly implicated in the progression of multiple myeloma (14) (15) (16) , but its significance in other hematologic malignancies has not yet been characterized. Lymphomas are a heterogeneous group of cancers that arise from developing lymphocytes and produce tumors predominantly in lymphoid structures (i.e., bone marrow), but also in extranodal tissues. Collectively, lymphomas constitute the fifth most common cancer in North America, with more than 90% of the patients being affected by lymphomas of B-cell origin (17) . Despite overall improvements in outcomes of lymphoma, ∼30-40% of patients have disease that is either refractory or relapses after standard therapy (18) . Therefore, a better understanding of the molecular pathobiology of lymphomas is needed for the development of new therapeutic approaches. Here, we provide evidence that heparanase is expressed by B-lymphomas and that heparanase inhibitors restrain tumor growth. Furthermore, we describe the development of novel heparanase-neutralizing monoclonal antibodies (mAbs) that attenuate lymphoma growth by targeting heparanase in the tumor microenvironment.
Results

Inhibition of Lymphoma Xenograft Growth by a Potent Heparanase
Inhibitor, PG545. We subjected human lymphoma biopsy specimens to immunostaining and found that heparanase is expressed in both follicular (Fig. 1A , Left) and diffuse (Fig. 1A , Right) lymphomas, representing an indolent and aggressive disease, respectively. To examine the involvement of heparanase in lymphoma in greater detail, we inoculated immunocompromised NOD/SCID mice with human lymphoma cell lines and treated the mice with a potent
Significance
Heparanase is the predominant enzyme that cleaves heparan sulfate (HS) in mammals, a linear polysaccharide that is normally attached to a core protein, forming HS proteoglycans (HSPGs) that are abundant in the cell surface and extracellular matrix (ECM). Cleavage of HS by heparanase results in structural alterations of the ECM and release of ECM-bound factors that together stimulate cancer metastasis and angiogenesis. Here we provide evidence that heparanase is expressed by B-lymphomas, and heparanase inhibitors restrain tumor growth. Furthermore, we describe, for the first time to our knowledge, the development and characterization of heparanase-neutralizing monoclonal antibodies (mAbs) that inhibit cell invasion and tumor metastasis. Moreover, we show that these mAbs attenuate lymphoma growth by targeting heparanase in the tumor microenvironment.
heparanase inhibitor, PG545 (19) . We found that the growth of tumor xenografts produced by Burkitt's (Ramos, Raji, Daudi), diffuse (OCI-LY-19), and follicular (SU-DHL-6) lymphoma cells was markedly attenuated by PG545 (Fig. 1B and Fig. S1A ) in a dosedependent manner (Fig. 1C) . Inhibition of tumor xenograft growth was most effective when PG545 was administrated upon cell inoculation ( Fig. 1B and Tables S1 and S2), but significant inhibition was also observed when PG545 was administrated once the lesions became palpable (Fig. 1D) .
Inhibition of Heparanase Originating from the Tumor Microenvironment
Is Sufficient to Restrain Lymphoma Growth. Despite the lack of heparanase activity in Raji cells (Fig. 1E , Upper, Raji cells) because of gene methylation (20) , tumor xenografts produced by Raji cells exhibit typical heparanase activity (Fig. 1E , Upper, Raji tumor), suggesting that heparanase-positive cells derived from the host populate the tumor microenvironment. Inhibition of Raji tumor xenografts by PG545 (Fig. 1 ) in a manner similar to the other lymphoma cell lines is therefore a result of inhibition of heparanase activity contributed by the tumor microenvironment (Fig. 1E , Lower). This implies that the host contributes a significant amount of heparanase and that inhibition of this fraction is sufficient to attenuate tumor growth. Indeed, tumor xenografts developed by cells that lack heparanase enzymatic activity (i.e., El-4), but fail to attract heparanase-positive cells to the tumor, are not inhibited by PG545 (Fig. S1 B and C).
Inhibition of Lymphoma Xenograft Growth by Heparanase-Neutralizing
Polyclonal Ab. Although PG545 appears as a potent inhibitor that attenuates the progression of several carcinomas (19) and lymphomas ( Fig. 1) , it also exhibits heparanase-unrelated properties and impedes the signaling of HS-bound growth-and angiogenesispromoting factors (21) . To evaluate the role of heparanase in lymphoma growth in a more specific manner, we used a polyclonal Ab (Ab 1453) that neutralizes heparanase enzymatic activity ( Fig.  2A) . As expected, cell invasion ( Fig. S2A ) and tumor metastasis ( Fig. S2B) were significantly inhibited by this Ab. Moreover, growth of tumor xenografts produced by U87 glioma cells, shown previously to be strictly dependent on heparanase levels (6), was inhibited by Ab 1453 as a single agent, and even stronger inhibition was obtained when Ab 1453 was combined with SST0001, a heparin mimetic heparanase inhibitor ( Fig. S2C ) (16) . We further found that the growth of tumor xenografts produced by SU-DHL-6 lymphoma cells was markedly inhibited by Ab 1453 (Fig. 2B ), associating with decreased heparanase activity in these tumors (Fig. 2C ). Ab 1453 similarly inhibited the growth of tumor xenografts produced by Ramos, Raji, and OCI-LY-19 lymphoma cells ( Fig. S2D and Tables S1 and S2 ). Moreover, treatment with Ab 1453 resulted in smaller tumors that were highly necrotic (Fig. 2D , Upper) and exhibited reduced blood vessel density ( Fig. 2D , Middle; CD31). Unlike PG545, Ab 1453 does not appear to enhance apoptotic cell death evident by staining for cleaved caspase 3 ( Fig. 2D , Lower), suggesting these treatments inhibit tumor growth by different mechanisms. These results imply with greater confidence that heparanase enzymatic activity promotes lymphoma tumor growth.
Development of Heparanase-Neutralizing mAbs. To target heparanase activity even more specifically, we developed a panel of mAbs directed against the KKDC peptide (Lys 158 -Asn 171 ), which comprises the substrate (HS)-binding domain of heparanase (22) . To validate that the resulting Abs target the heparin/HS binding domain, we examined cellular uptake of latent 65-kDa heparanase in the absence or presence of the various newly generated mAbs. This system appeared most relevant because previous studies have shown that heparanase uptake is HS-dependent (22, 23) . Heparanase uptake and processing, evident by accumulation of the 50-kDa active subunit, were readily observed in HEK293 cells incubated with control mouse IgM or anti-heparanase mAb 8A5, 6B12, or 1G10 (Fig. 3A) . In striking contrast, heparanase uptake was markedly decreased in the presence of mAb 9E8 (Fig. 3A, Upper) . Similarly, uptake of the constitutively active heparanase (GS3) (24) was inhibited profoundly by mAb 9E8 (Fig. 3A, Third, GS3) . Furthermore, incubation of cells overexpressing heparanase with mAb 9E8 resulted in a marked decrease in the intracellular content of heparanase evident by immunofluorescent staining (Fig. 3A , Second, IgM and 9E8) and immunoblotting (Fig. 3A , Fourth, 50 kDa), in agreement with the notion that intracellular processing of heparanase into its active (50+8 kDa) form occurs after uptake of the secreted 65-kDa latent protein (3, 23) . Importantly, mAb 9E8 neutralizes heparanase enzymatic activity to a magnitude comparable to that observed with polyclonal Ab 1453 (Fig. 3A , Lower) and inhibits cell invasion and tumor metastasis, the hallmarks of heparanase activity (Fig. S3 A-C) . We further used a model of spontaneous ) were implanted s.c. in NOD/SCID mice (n = 7), and mice were administered with PG545 (i.p., 20 mg/kg, once weekly, starting 1 d after cell inoculation) or control vehicle (PBS; Con). At termination, tumors were removed, weighed, and embedded in paraffin for histological and immunohistochemical analyses. Mice were similarly inoculated with the indicated lymphoma cells and were treated with the indicated concentration of PG545 (mg/kg once a week; C) or were treated with PG545 (20 mg/kg once a week) once the tumors became palpable (D). Shown are average (±SE) tumor weights (g). (E) Lysates of Raji cells and extracts of tumor xenografts produced by Raji cells were applied onto dishes coated with sulfate-labeled ECM, and heparanase enzymatic activity was determined as described in Materials and Methods (Upper). Note that Raji cells lack heparanase activity, whereas tumor xenografts exhibit typical heparanase activity. Extracts of control (Con) and PG545-treated tumor xenografts produced by Raji cells were applied onto dishes coated with sulfate-labeled ECM, and heparanase activity was determined as earlier (Lower). Note that PG545 inhibits heparanase activity in tumor xenografts produced by Raji cells. metastasis and found that the survival of mice inoculated with highly metastatic ESb mouse T-lymphoma cells is prolonged by PG545 (Fig. 3B ) associating with reduced liver metastasis. Moreover, liver metastasis of ESb cells was inhibited four-to fivefold by mAb 9E8 or mAb H1023 (Fig. 3C) . The latter mAb was developed by Eli Lilly (Fig. S4 ) and found to neutralize heparanase enzymatic activity (Fig. 3A , Lower) and cell invasion (Fig. S3A, Right) to an extent similar to mAb 9E8. The availability of highly specific heparanase-neutralizing mAbs enables us to conclude that heparanase enzymatic activity is required for cell invasion and tumor metastasis.
Heparanase-Neutralizing mAbs Restrain Lymphoma Growth. Next, we examined the ability of our neutralizing mAbs 9E8 and H1023 to restrain tumor growth, applying luciferase-labeled cells and in vivo imaging system (IVIS) bioluminescent imaging that enables accurate quantification of tumor load. To this end, we have first used CAG myeloma cells shown previously to strictly depend on heparanase activity for tumor expansion (16, 25) . After tail vein inoculation, CAG-luciferase cells home to and expand in the bone marrow (Fig. S5A, Con) . The bone marrow exhibits high heparanase activity (Fig. S5B, Left) and a high percentage of heparanase-positive cells (Fig. S5B, Right) , and thus appears as a supportive environment that can be targeted by the neutralizing mAbs. Notably, IVIS imaging and analysis revealed a significant, two-to threefold decrease in tumor burden after treatment with mAb 9E8 or H1023 (Fig. S5A) . Similar homing and expansion in the bone marrow was observed (A) HEK 293 cells were incubated with latent 65-kDa (Upper) or GS3 constitutively active heparanase (1 μg/mL; Third, GS3) and the indicated mAbs (10 μg/mL). The cell medium was aspirated at the time designated, and cell lysates were subjected to immunoblotting applying antiheparanase Ab (Upper and Third, GS3). Note an almost complete inhibition of heparanase uptake by mAb 9E8. Heparanase-transfected 293 cells were grown with control mouse IgM or mAb 9E8 for 2 d. Cells were then fixed with methanol and subjected to immunofluorescent staining applying anti-heparanase Ab (Second, IgM and 9E8) or lysed and subjected to immunoblotting applying anti-heparanase Ab (Fourth, 50 kDa). Purified recombinant active heparanase (200 ng) was preincubated with control mouse IgM (◆), mAb 8A5 (■), mAb 9E8 (x), or mAb H1023 (▲), all at 2 μg/mL, for 2 h in serum-free RPMI medium on ice.
The mixture was then applied onto 35 S-labeled ECMcoated dishes, and heparanase activity was de- after tail vein inoculation of Raji-luciferase cells (Fig. 4A, Con) , expansion that was markedly reduced by PG545 (Fig. 4 A and B , PG545) associating with decreased blood vessel density (Fig. 4B,  Lower) . Most important, Raji cell growth was decreased two-to threefold by mAbs 9E8 or H1023 as single agents (Fig. 4C) , and an even greater, sevenfold decrease in tumor growth was obtained when the two mAbs were combined (Fig. 4D) . Decreased tumor growth by the combined treatment with mAb 9E8 and H1023 evident by IVIS analysis was further confirmed by immunostaining of the mice backbones with anti-human HLA (Fig. 5, Upper) . This was associated with reduced tumor cell proliferation (Fig. 5 , Middle) and tumor angiogenesis (Fig. 5, Lower) . These results strongly indicate that lymphoma growth can be restrained by specific neutralization of heparanase enzymatic activity within the tumor microenvironment.
Discussion
Attempts to inhibit heparanase enzymatic activity were already initiated in the early days of heparanase research, in parallel with the emerging clinical relevance of this activity (26) . Since then, a variety of inhibitory molecules have been developed, including peptides, small molecules, and modified nonanticoagulant species of heparin, as well as several other polyanionic molecules such as laminaran sulfate, suramin, PI-88, and PG545 (13) . Similarly, antiheparanase polyclonal Abs were developed and demonstrated to neutralize heparanase enzymatic activity and to inhibit cell invasion (27) , proteinuria (28) , and neointima formation (29) . Neutralizing anti-heparanase mAbs, however, have not been reported so far. Our earlier study (22) was undertaken to identify functional domains of heparanase that would serve as targets for rational drug development. Based on published consensus sequences that mediate the interaction between polypeptides and heparin, we have identified three potential heparin-binding domains of heparanase (22) . Particular attention was given to the Lys 158 -Asp 171 domain, as a peptide corresponding to this sequence (termed KKDC) physically interacts with heparin and HS with high affinity and inhibits heparanase enzymatic activity (22) . Furthermore, a deletion construct lacking this domain exhibits no enzymatic activity (22) , and polyclonal Ab 733 directed to this region inhibits heparanase activity (30). We have followed this rationale and generated a panel of mAbs directed against the KKDC peptide, attempting to recapitulate the performance of Ab 733, targeting the interaction of heparanase with its HS substrate.
Here, we report, for the first time to our knowledge, the development of mAbs 9E8 and H1023, which neutralize heparanase enzymatic activity. As expected, mAb 9E8, directed against the KKDC peptide, substantially decreased the uptake of latent and active heparanase (Fig. 3A) , an HS-dependent cellular mechanism thought to limit extracellular retention of the enzyme, thereby preventing adverse outcomes (23) . In contrast, the epitope of mAb H1023, generated against the full-length heparanase protein, appears to be 3D and could not be identified by linear peptide mapping. Notably, however, the two Abs exhibit similar performance characteristics in vitro and in vivo. Decreased intracellular content of the 50-kDa processed heparanase in cells incubated with mAb 9E8 (Fig. 3A) or H1023 (Fig. S4C) implies that the Abs not only neutralize the enzyme extracellularly but also affect heparanase levels inside the cell. Both Abs markedly inhibit cellular invasion and tumor metastasis (Fig. S3) , the hallmarks of heparanase function. Moreover, mAbs 9E8 and H1023 inhibited the spontaneous metastasis of ESb lymphoma cells from the s.c. primary lesion to the liver (Fig. 3C) . Treatment with mAb 9E8 or mAb H1023, as a single agent, attenuated the growth of CAG myeloma (Fig. S5A) and Raji (Fig.  4C ) lymphoma tumors, and even greater inhibition was observed by combining the two mAbs together (Fig. 4D) . This is in agreement with the notion that combining two different mAbs increases the inhibitory outcome (31) .
Not surprisingly, Ab 1453, mAb 9E8, or mAb H1023 are not cytotoxic to lymphoma (Fig. S5C) . This implies that the mAbs do not exert a direct effect on tumor cells but, rather, affect the tumor microenvironment. This is best demonstrated in Raji cells that lack intrinsic heparanase activity ( Fig. 1E) (20) , whereas tumor xenografts produced by these cells exhibit typical heparanase activity. The ability of mAbs 9E8 and H1023 to attenuate the growth of these tumors (Figs. 4 and 5) is thus a result of neutralization of heparanase contributed by the tumor microenvironment. The microenvironment of B-cell lymphomas contains variable numbers of immune cells (i.e., T-cells, macrophages, neutrophils), stromal cells (i.e., fibroblasts), and endothelial cells (17, 32, 33) , many of which have been reported to express heparanase (34, 35) . The significance of the tumor microenvironment in tumorigenesis is well documented and accepted (36) . In B lymphomas, a complex cross-talk between the lymphoma cells and their respective microenvironment is bidirectional, and multiple secreted factors and cell surface molecules contribute to the activation of signaling pathways in both the lymphoma and stromal cells (32) , many of which are targets for the development of lymphoma therapeutics (37) . Heparanase activity is thought to release a multitude of HS-bound cytokines, chemokines, and growth-promoting factors sequestered in the ECM and convert them into bioavailable and biologically active mediators that promote cell proliferation, survival, and motility (38) (39) (40) . Thus, heparanase inhibitors are thought to inhibit the combined outcome of many of the above targets. Decreased blood vessel density in Raji lymphoma treated with mAbs 9E8 and H1023 (Fig. 5) critically stamp the proangiogenic capacity of heparanase (3). This is most likely a result of reduced release by heparanase of angiogenicpromoting factors sequestered in the bone marrow ECM (41) . Similar inhibition of angiogenesis was evident in tumors produced by SU-DHL-6 cells and treated with heparanase-neutralizing polyclonal Ab 1453 (Fig. 2) , suggesting that simultaneous targeting of multiple epitopes of heparanase by a polyclonal Ab is more effective in restraining tumor growth (Fig. 2B) that cannot be explained solely by reduced tumor angiogenesis (Fig. 2D) . The improved capacity of mAbs 9E8 and H1023 to restrain tumor growth once applied together versus each mAb alone (Fig. 4) supports this notion and encourages the identification and targeting of additional functional domains of heparanase by means of neutralizing mAbs or small molecule inhibitors. Importantly, evidence accumulating in recent years shows that targeting the tumor microenvironment (i.e., VEGF) unexpectedly results in accelerated metastasis and more aggressive disease (42) . In contrast, heparanase targeting uniquely inhibits both tumor growth and metastasis, thus possibly offering new opportunities and a safer mode to obstruct the tumor microenvironment.
Taken together, mAbs 9E8 and H1023 are expected to exert high specificity, enabling solely the targeting of heparanase enzymatic activity, and hence revealing its involvement and therapeutic significance in tumor progression, inflammation (43) , type 1 diabetes (44), and diabetic nephropathy (45) , as a single agent or in combination with approved therapies.
Materials and Methods
Generation of anti-heparanase mAbs and evaluation of heparanase activity were performed essentially as described (6, 30, 46) . Standard cellular and molecular biology techniques of cellular transfections, immunoblotting, and immunostaining were performed as described (6, (22) (23) (24) .
Luciferase-labeled Raji lymphoma (1 × 10 6 ) cells were injected into the tail vein of NOD/SCID mice (n = 5). Mice were treated with PG545 (20 mg/kg, once weekly), mAb 9E8 (600 μg/mouse), and/or mAb H1023 (500 μg/mouse) every other day starting 1 d after cell inoculation and tumor growth was examined by IVIS imaging. Models of s.c. tumor xenografts and spontaneous metastasis are described in detailed in SI Materials and Methods. Fig. 5 . NOD/SCID mice (n = 5) were inoculated (i.v.) with Raji-luciferase cells, and mice were treated with mAb 9E8 (600 μg/mouse every other day) and mAb H1023 (500 μg/mouse every other day). At termination, the backbones were collected, fixed, decalcified, and embedded in paraffin. Five-micrometer sections were subjected to immunostaining applying anti-human HLA (Upper), anti-Ki67 
